Vanadium dioxide (VO 2 ) is a dark blue crystalline material which exhibits two distinct phases: a semiconductor phase and a metal phase which occur below and above a critical temperature of 68 C, respectively. 1 The phases of VO 2 can be described by the temperature dependent filling fraction parameter [f(T)]-the fraction of VO 2 that exists in the metal phase-such that f is 0 for the semiconductor phase, 1 for the metal phase, and between 0 and 1 during the phase transition. This phase transition causes a significant change in its electric and optical properties, which makes it an appropriate candidate for use in active optoelectronic devices. 2, 3 The phase transition of the VO 2 film is monitored by Raman spectra and white light reflection spectra using a confocal Raman imaging microscope system excited with a solid-state laser. 4 Although the phase transition of VO 2 can be practically induced through a thermal technique, such as a temperature-controlled pad, 5 it can also be controlled through optical means by either continuous wave (CW) excitation 1, 6, 7 or pulsed excitation. 8 These characteristics provide the groundwork for tunability, which can facilitate the temperature-dependent detection and optical switching. In the current work, we employ optical heating, which is provided by CW excitation. We combine VO 2 with a onedimensional photonic crystal (1DPC)-an optical medium with the spatial periodicity of the refractive index in 1D capable of controlling the flow of light-9 as a hybrid nanostructure to investigate the possibility of bistable absorption, along with the enhancement of its value. In fact, preparing hybrid structures can lead to absorption enhancement, since the optical properties of these hybrid structures are often significantly different from the individual elements. Recently, many methods have been developed to fabricate 1DPC based on top-down as well as bottom-up construction routes. 10, 11 Many other methods including chemical vapor deposition and molecular beam epitaxy are also utilized to build 1DPCs. [12] [13] [14] In addition, Refs. 15-17 provide further examples of experimental investigations of 1DPCs which we study here theoretically. The effective absorption of incident light radiation is central to many photonic applications, including photodetectors, photovoltaics, sensors, and absorbers. [18] [19] [20] Moreover, the optical bistability in hybrid systems has stimulated substantial research activity. [21] [22] [23] [24] This phenomenon is notably useful in optical technologies, such as optical switching, 25 optical memory, 26 and transistors, 22 which allows for high speed processing of optical signals. For example, Dong et al. 27 showed that by exploiting the hysteretic phase transition of VO 2 , an all-solid, rewritable metacanvas on which nearly arbitrary photonic devices can be rapidly and repeatedly written and erased enabling the real time manipulation of light waves. Experimentally, optical characterization and switching in VO 2 -based structures can be done using a pump-probe technique. 6 The temperaturedependent optical response can be recorded using a spectrophotometer. 4, 28 Experimental reflection measurements are also carried out using an infrared microscope (Bruker Hyperion 2000) and a Fourier transform infrared spectrometer (Bruker Vertex 70) equipped with liquid nitrogen cooled mercury cadmium telluride and mid-IR source. 29 Additionally, several theoretical and experimental works in VO 2 -based structures have been reported in the literature which indicates that this material may be utilized for a variety of applications such as sensors, absorbers, and thermal information processing. [30] [31] [32] [33] With these a)
alih@nipissingu.ca features as inspiration, we theoretically design the nanostructure (schematically shown in Fig. 1 [34] [35] [36] This structure is immersed in air and illuminated by a CW pump laser perpendicular to the VO 2 plane. The incident pump laser generates heat via absorption in the VO 2 layer, which increases its temperature. The heat generated in the VO 2 film is dissipated through the PC by heat conduction and to the air by heat convection. We treat our structure as a 1D system in which the thicknesses of layers are less than the length and width. Thus, the heat transfer occurs only along one direction (x direction). In fact, temperature gradients in the x direction will be small compared to those in the other two directions and such a problem could be satisfactory approximated as 1D. 37 The 1D conduction heat flux q 00 x ðW=m 2 Þ through solids having a temperature distribution TðxÞ is expressed by Fourier's law
where k (W/m K) represents the thermal conductivity of the material. The convection heat flux q 00 conv ðW=m 2 Þ is determined from Newton's law of cooling as
where h (W/m 2 K) is the convection heat transfer coefficient. T s and T 1 are the surface and fluid (in this case, air) temperatures, respectively. In this paper, we consider our system as a Lumped system, where the interior temperatures of the nanostructure are spatially uniform at any instant during the transient process. It is well-known that the criterion for a structure to be considered as a Lumped system is through the Biot number B i ¼ hL/k, the ratio of convection at the surface of the body to the conduction within the body, smaller than 0.1. In other words, the Biot number is a measure of the temperature drop in the system relative to the temperature difference between the surface and the fluid. Since our proposed nanostructure satisfies the condition (B i < 0.1), the temperature gradients are negligible and the heat conduction within the system is not included in the calculations. Therefore, by applying the conservation of energy, the following equation must to be solved:
Since we applied a CW laser, the heat transfer equation is written under steady-state conditions. In the above equation, h eff ¼ h VO 2 þ h TiO 2 is the summation of heat convection on both sides of the nanostructure. Q s ¼ ðx=cÞ I inc Im ðe VO 2 ðf ðT s Þ; xÞÞ displays the heat generated in the VO 2 layer, which depends on the imaginary part of the permittivity of this material. Solving Eq. (3) reveals the temperature inside and on the surface of the structure (T s ). As seen in this equation, certain values of incident laser intensity and frequency (wavelength) can provide the required temperature for the VO 2 layer to undergo a phase change. So, the thermo-optical effect alters the optical absorption of the structure. The complex dielectric function of VO 2 (e VO 2 ) during phase transition can be described by the Maxwell-Garnett effective medium theory, 39 which depends on the temperature-dependent filling faction. 1 Furthermore, to calculate the absorption spectra in the proposed structure, we employ the well-known transfer matrix method. 40, 41 In this method, based on the Maxwell equations, we relate the incident E i and reflected E r electric fields to the transmitted electric field E t as follows:
where M ij is a component of the total transfer matrix of the system, which is the product of each transfer matrix of constituent elements of the structure. Then, the absorption A is obtained by
In order to show photothermal induced bistability across certain ranges of incident intensity, we use the thermo-optical effect of the VO 2 layer in our nanostructure to solve the electromagnetic problem along with the thermodynamics. The following parameters are used in our calculations: The two dielectric layers of SiO 2 and TiO 2 have a quarter wavelength optical thickness with a design wavelength of 1000 nm and are almost dispersionless with refractive indices of n SiO 2 ¼ 1:46 and n TiO 2 ¼ 2:31. 42, 43 We also take a 35 nm thin film of VO 2 . The convective heat flux coefficient is assumed to be 300 W/m 2 K from the VO 2 film to the air 1 and 10 W/m 2 K between the TiO 2 layer and the air. 44 We assumed that the top air convection can include a combined natural and forced convection, while the bottom air heat transfer is through natural convection. Therefore, we used the higher and lower values of h for top and bottom air convection coefficients, FIG. 1 . Schematic configuration of the studied nanostructure, where a phase transition VO 2 layer is prepared on top of a 1DPC, i.e., (SiO 2 /TiO 2 ) 10 .
respectively, which are the typical convection values of gases for these two types of heat transferring. Figure 2(a) shows the absorption spectra of the nanostructure as a function of incident laser intensity when the film is heating up (right panel) or cooling down (left panel). Figure 2 (b) shows a zoomed in view of the bandgap formation in the proposed structure for the heating mode. It is seen that nearly complete absorption can be achieved around a 1000 nm wavelength for both the cooling and heating modes. In fact, the presence of the defect mode within bandgap regions leads to the localization of the electric field (which will be discussed in the final section of the region only weak absorption is achieved). Moreover, the asymmetry between the left and right parts of the figure in some regions indicates the existence of two different absorption values for certain incident intensities. In other words, the bistable response is revealed. Next, we consider a pump laser illuminated at three fixed wavelengths, k ¼ 950, 1025, and 1100 nm, and the intensity-dependent absorption is investigated [ Fig. 3(a) ] along with the dependency of the filling fraction for a 35 nmthickness layer of VO 2 on the incident intensity [ Fig. 3(b) ]. During heating as the incident pump intensity increases, VO 2 begins in the semiconductor phase (f ¼ 0) until the intensity reaches a critical value in which transition begins (0 < f < 1). As the intensity increases further, VO 2 enters the metallic phase (f ¼ 1) accompanied by absorption enhancement in the nanostructure. One can see that Figs. 3(a) and 2(b) are consistent with each other. When the intensity decreases upon cooling, the curve traces the upper branch and VO 2 stays still in the metallic (plasmonic) state, until the intensity reaches another critical value. After that, the film abruptly comes back to the insulator state with reduced absorption. In other words, the step-like curves are created during both heating and cooling. Therefore, the bistability is revealed inside the hysteresis loop between the critical intensity values of the heating and cooling modes. Interestingly, when the structure is excited by the 1025 nm pump, near-perfect absorption is achieved in the metallic phase. Because temperature is a key factor that controls the phase transition of VO 2 , a graph of temperature to intensity is also presented in Fig. 3(c) . Upon heating, as the incident intensity increases, temperature increases to the critical value at which point the VO 2 undergoes the semiconductor-metal phase transition. However, upon cooling when the film switches to the insulator phase, the phase transition critical temperature takes another value indicating bistability in the proposed system. These properties provide two different regimes for tuning of absorption corresponding to the heating up or cooling down the considered structure. Please note that although we assumed a high value for the top air convection coefficient, using lower values only shifts the critical incident intensities to the lower ones. In other words, the upper and lower branches have exactly the same values of absorption and the bistable behavior does not change. Therefore, one can consider a more rigorous assumption for values of the heat convection coefficient; however the nature of these figures remains intact. Moving forward to the next stage of the study, in Figs. 4(a) and 4(b) , we consider VO 2 layers with 150 nm and 300 nm-thickness, in order to investigate the influence of the layer thickness on heating transfer and, consequently, the optical response of the nanostructure. In comparison with Fig. 3 , there are some wavelengths (950 nm and 1025 nm) in Fig. 4(a) where the enhancement of absorption occurs before reaching the critical intensities during heating, where the phase transition of the VO 2 layer has not begun. These regions are related to the semiconducting VO 2 . After beginning the phase transition, the absorption decreases until the VO 2 enters its metallic phase, where the values of absorption remain constant by further increasing the pump intensity. Additionally, the bistability behavior indicated under different VO 2 thicknesses can be negligible for certain wavelengths, such as the 950 nm wavelength with d VO 2 ¼ 300 nm in Fig. 4(b) . Such wavelengths correspond to those in which the absorption takes the same value for semiconducting and metallic phases of VO 2 . On the other hand, it can also lead to completely different values for absorption during heating and cooling, as observed in Fig. 3(a) for d VO 2 ¼ 35 nm. In fact, bistability in absorption is dependent on the wavelength, VO 2 layer thickness, and temperaturedependent filling fraction. When we consider a fixed wavelength and thickness, bistability is just adjusted by the filling fraction (laser intensity). Thus, two different values are achieved for the semiconducting (f ¼ 0) and metallic (f ¼ 1) phases of VO 2 (as observed in Figs. 3 and 4) . However, at some wavelengths (such as 950 nm), the absorption takes almost the same value for the semiconducting and metallic phases of VO 2 . These wavelengths correspond to the vanishing of the bistability. Moreover, when the VO 2 layer thickness is changed, the position of the defect mode in which enhancement of absorption is achieved also changes. Also, the peak wavelength varies during the phase transition. For thin films of VO 2 , the considered wavelengths in Figs. 3 and 4 are around the defect mode (as mentioned previously). However, this wavelength is not the same for thick 300 nm films of VO 2 . Therefore, the bistability requires an appropriate choice of thickness of VO 2 under certain fixed laser wavelengths.
For further illustration, in Fig. 5 , we investigate the absorption on the plane of incident intensity and VO 2 layer thickness, when the pump laser is fixed at a 950 nm wavelength. As seen, the critical intensity decreases by increasing the thickness, such that for certain thicknesses, as indicated with dashed lines, the contrast between the absorption values before and after the critical intensity vanishes. We call these thicknesses the "critical VO 2 -film thickness," at which the bistable behavior reverses around it.
Finally, in Figs. 6(a) and 6(b), the electric field distributions of the proposed nanostructure at k ¼ 1025 and 1200 nm are sketched, respectively. As seen in Fig. 6(a) , the electric field is localized around the VO 2 layer. However, for k ¼ 1200 nm [ Fig. 6(b) ], there is no localization near the VO 2 layer.
In summary, we theoretically investigate the bistability behavior of the optical absorption in a VO 2 /1DPC nanostructure subjected to a CW pump laser. We solve the heat transfer and electromagnetic problems simultaneously and use the 2 Â 2 transfer matrix method to calculate the absorption in the proposed structure. We find that the VO 2 undergoes a phase transition during heating and cooling and the value of absorption changes in the form of step-like curves. This transition, which is induced by photo-excitation of the structure, shows bistable behavior in some ranges of intensities, which indicates switching to different absorption values upon heating and cooling. Moreover, the results show that almost complete absorption can be obtained in the structure when the pump is set to certain wavelengths. We also vary the thickness of the VO 2 layer in order to study the mentioned behavior and determine the appropriate thickness needed to optimize the structure design. In general, these properties may provide useful ideas for optical switching and absorbers in VO 2 -based optoelectronic devices.
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